I. INTRODUCTION
T HE INTERFERENCE from wind farms on radar systems is a topic of current interest in the radar community [1] - [4] . Significant efforts have gone into the assessment and mitigation of wind-turbine-induced clutter. In particular, the radar signatures of horizontal-axis wind turbines (HAWTs) have been well studied based on electromagnetic simulations and measurements [5] - [13] . Recently, the US Department of Energy is considering vertical-axis wind turbines (VAWTs) as a candidate for off-shore wind power generation [14] . Some of the potential advantages of a VAWT over its HAWT counterpart include better scalability to large sizes and mechanical simplicity for service and maintenance. From the radar perspective, it becomes important to evaluate how the radar signatures of a VAWT differ from those of the more commonly seen three-blade HAWT. Fig. 1 (a) and (b) shows a HAWT and VAWT, respectively.
In this letter, we investigate the dynamic radar signatures of a Darrieus-type VAWT. The radar cross section (RCS) of a small helical VAWT was briefly discussed in [11] . Our focus here is to examine the time-varying radar features and analyze their associated phenomenology. This information can facilitate the development of clutter-filtering algorithms, as in the case of the HAWT [4] . This letter is organized as follows. First, a 1.5-m model of the turbine is investigated from 12 to 15 GHz. Measurement and physical optics (PO) simulation are carried out. The backscattered data in frequency and angle are post-processed to form the sinogram and spectrogram. The scattering physics behind the observed features from the blade, strut, and tower structures is discussed. After validating PO simulation with measurement for the small model, PO simulation of a 112-m-tall Darrieus wind turbine is carried out at 1.5 and 3 GHz to predict the resulting signatures. The results are compared to those of a three-blade HAWT. Lastly, effects from a conducting ground plane are examined.
II. MEASUREMENT AND SIMULATION SETUP
Measurement backscattered data are collected using measurement from a vector network analyzer and a broadband horn from 12 to 15 GHz. A simplified model of a Darrieus-type wind turbine, seen in Fig. 2(a) , is constructed and measured. The model is 1.5 m tall (an electrical size of at 15 GHz) and 0.9 m in diameter. The blades and strut are constructed using foam and covered in aluminum tape, and a wooden rod is used as the tower. The model is placed on a turntable to rotate for a complete revolution. The measurement is done at near-zero elevation angle.
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Simulated backscattered data are generated using the PO with shadowing solver in FEKO [15] . An approximate model created in FEKO with PEC, seen in Fig. 2(b) , is used. Edge diffraction and material effects are not included in the simulation. These effects are expected to change only the strength but not the behavior of the predicted features. A plane wave source from 12 to 15 GHz is assumed for the excitation. To provide a sufficient down-range window without aliasing, 41 frequency points are computed. To simulate the rotating turbine, the incident azimuth angle is varied from 0 to . The result is the radar signature as a function of angle (or time). The angular sampling is chosen to be to provide a sufficient cross-range (or Doppler) window without aliasing.
III. MEASUREMENT AND SIMULATION RESULTS
The dynamic signatures from the measured and simulated backscattered data versus time (or turbine rotation angle) are post-processed into sinograms and spectrograms. The turntable rotation rate is 830 s per revolution. Vertical polarization is used for both transmit and receive. The measured data are not calibrated in terms of absolute radar-cross-section level. The same dynamic range is kept for simulation and measurement.
A. Sinogram
The measured and simulated sinograms (i.e., range profiles versus time) are shown in Fig. 3 . The range profile is obtained through the inverse Fourier transform of the frequency response with a Hamming window. Four key features are observed in the sinograms. The first two are the sinusoidal trajectories labeled as (i) and (ii) in Fig. 3(a) . The associated mechanisms are the returns from the rotating blades that are shown in Fig. 4(a) . Due to the curvature of the blades in elevation, the scattering from each blade is specular in elevation, and only the region denoted by the dashed circle contributes to each feature. As the blades rotate, they form two sinusoidal tracks in the sinogram. Along each track, a strong return occurs at the range of 0.5 m. This flash occurs when the front face of the blade is perpendicular to the radar line-of-sight (RLOS). The next feature is the horizontal line at zero down-range and labeled as (iii) in Fig. 3(a) . The associated mechanism is the return from the tower [shown in Fig. 4(b) ]. Mounting and physical imperfections of the wooden tower caused minor fluctuations in the static tower return. The final feature is due to the return from the strut. However, this feature overlaps with the blade returns in the sinogram. It is most prominent when the strut is perpendicular to the RLOS, as labeled by (iv) in Fig. 3(a) . In addition to these four noted features, when one of the blades rotates to the front (most negative in down-range), shadowing of the tower and rear blade occurs. This can be clearly seen in both measurement and simulation. Overall, PO simulation is able to capture the dominant target features in the measurement. The only noticeable difference is the weak, range-delayed (beyond 0.5 m) multiple scattering returns seen in the measurement but not in the PO simulation. It is localized in angle only around where the tower and rear blade are shadowed. 
B. Spectrogram
The time-dependent Doppler behavior of the target is also examined in the form of a spectrogram. Using the short-time Fourier transform (STFT) with a 29-s (equivalently ) Hamming window in time at a fixed frequency, the spectrogram (i.e., Doppler versus time) is obtained. Fig. 5(a) shows the spectrogram at 13.5 GHz from measured data. The rotation rate of the turntable is 0.0076 rad per second. As a result, the maximum Doppler extent is Hz (based on , where is the radius of the turbine blade, is the rotation rate, and is the wavelength at 13.5 GHz). Four key features are noted. The first two are the sinusoidal trajectories labeled as (i) and (ii). The associated mechanisms are the returns from the highlighted areas on the rotating blades shown in Fig. 4(a) . When one of the blades rotates to the front, a strong blade flash is observed. At this angle, the blade motion is perpendicular to the RLOS, and the flash appears in the zero Doppler bin. Next is the horizontal line at zero Doppler and labeled as (iii). The associated mechanism is the static return from the tower. The final feature is the region labeled as (iv) due to the strut. The strut return is only prominent when the strut is perpendicular to the RLOS. At this angle, all the radial components light up in their respective Doppler bins. Comparing the measurement in Fig. 5(a) to the simulation in Fig. 5(b) , we see that the strut features in the two spectrograms do not agree that well. This is due to the near-field effect in the measurement where the radial components of the strut are not perpendicular to the RLOS simultaneously, but exhibit different temporal delay. This results in the flash being tilted [8] . To confirm this, a near-field simulation is shown in Fig. 5(c) . It shows the same tilting in the strut flash as measurement. Additionally, simulation is carried out for the horizontal polarization case, and the signatures are found to be the same as the vertical polarization results.
IV. FULL-SIZE TURBINE SIMULATION
The previous results have shown that PO with shadowing is sufficient to capture most of the key dynamic radar signatures of a VAWT. Next, the full-size turbine is investigated using FEKO simulation. The complete structure is 112 m tall and 60 m in diameter and was previously shown in Fig. 1(b) . To emphasize the dynamic signatures, the static portions of the structure are removed for the simulation. The blades are 100 m in height (an electrical size of at 3 GHz). With simulation validated against measurement for a model, we expect the high-frequency prediction method (PO) to be even more accurate for the larger, model (equivalently higher frequency). To save computation time, at the cost of some numerical accuracy, the large-element PO method in FEKO is used. Horizontal polarization is used for transmit and receive at elevation. We examine the spectrogram at two key frequencies of interest: 1.5 GHz (long-range surveillance) and 3 GHz (weather, air-traffic control, marine navigation). For comparison, we also simulate a 112-m-tall HAWT turbine shown in Fig. 1(a) . The blades are 38 m long. Again, the static portions are removed from the model. The rotation rate is set to 10 rpm for both turbines. The results are shown in dBsm.
The simulated spectrograms for the VAWT at 1.5 and 3 GHz, obtained using a 0.22-s (equivalently ) time window, are shown in Fig. 6(a) and (b) , respectively. The results at 1.5 and 3 GHz show a similar set of features with a factor-of-two difference in Doppler extent. With the tower removed, there are only three scattering mechanisms. The sinusoidal trajectories labeled as (i) and (ii) correspond to the blade returns. When a blade rotates in front, the face of the blade becomes perpendicular to the RLOS, and a blade flash is observed (the strong region around zero Doppler). The negative Doppler trajectories are weaker due to the blade shape and pitch (different from the model blades that were front-back symmetric). Lastly, the vertical line labeled as (iii) corresponds to the strut flash when the strut becomes perpendicular to the RLOS. Due to the tapering in the strut, the positive and negative Doppler flashes are not concurrent. Fig. 6 (c) and (d) shows the spectrograms for the HAWT under edge-on incidence at 1.5 and 3 GHz respectively. The key scattering features of an HAWT comprise strong blade flashes and weak tip "halos." These features have been examined closely in previous studies and will not be elaborated here. Instead, we compare the differences between the dynamic features of the VAWT and those of the HAWT. First, the three positive and three negative blade flashes in the HAWT are replaced by one two-sided strut flash in the VAWT. Second, the weak sinusoidal tip halos of the blades in the HAWT are replaced by the stronger blade specular return in the VAWT. Finally, the maximum Doppler extent of the HAWT is dependent on the yaw angle of the turbine (which is dictated by the wind direction) with respect to the radar. The turbine gives rise to a maximum Doppler spread from an edge-on view, but near-zero Doppler at a frontal view. On the other hand, the Doppler extent of the VAWT is independent of the wind direction since it rotates about a vertical axis. Note that the Doppler extents of both types of turbines are elevation-angle-dependent.
V. GROUND BOUNCE EFFECTS
Simulation with the inclusion of an infinite PEC ground plane is performed to investigate the time-varying features that arise from turbine-ground interactions. This could be an important effect for close off-shore wind turbines, where the ground bounce returns from a calm sea surface are expected to be strong, or for an airborne radar. The radar signatures of an HAWT in the presence of a PEC ground have already been investigated in [16] . It was shown that the ground bounce contributions are delayed in dwell time relative to the direct path. Using image theory, we simulate the four separate scattering components for a VAWT at a elevation using horizontal polarization at 1.5 GHz. Fig. 7 shows the four components: the direct path, two single- bounce paths, and the double-bounce path. Higher-order interactions are ignored in this construct.
Due to the symmetry of the structure, the direct path and double-bounce path spectrograms are identical, and the sum is shown in Fig. 8(a) . There are some notable differences from the elevation case. The Doppler extent of each feature has been reduced by cos( ), and the Doppler extent of the blade returns have been further reduced due to a shift in the specular region. The strut flash (iii) is also weaker. Additional features, labeled as (iv), are observed due to the visibility of the four strut holes. Each of the four holes exhibits a flash when perpendicular to the RLOS and a faint sinusoidal specular trajectory as the strut rotates. Next, the two single-bounce spectrograms are identical, and the sum is shown in Fig. 8(b) . The single-bounce path exhibits a corner reflector effect, and the returns are similar to the elevation angle case with additional features from the strut holes. Fig. 8(c) shows the sum of all four components. It is interesting to note that the total return at nonzero elevation in the presence of ground is as strong as the direct return at zero elevation. In contrast to the HAWT case, the blade and strut flashes of all four components occur at the same instance in dwell time.
VI. CONCLUSION
In this letter, the dynamic radar signatures of a VAWT have been investigated. First, measurement and PO simulation were carried out for a 1.5-m model to validate the PO prediction. The backscattered data in frequency and angle were post-processed to form the sinogram and spectrogram. The scattering physics behind the observed features from the blade, strut, and tower structures was discussed. It was shown that PO was sufficient to capture the key scattering features of a VAWT. Subsequently, simulation of a 112-m-tall Darrieus-type wind turbine was carried out at 1.5 and 3 GHz, and the resulting signatures were compared to those of a three-blade HAWT. Lastly, ground effects from a conducting ground plane were examined.
